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Students  of  antibody formation have long forecast the  advantages  to  be 
gained  from  the  successful  cultivation  of  ceils  from  lymphatic  tissue.  The 
opportunity to investigate antibody formation in cell lines derived from single 
ancestors, for example, or to follow the events begun by the first exposure to 
antigen, would be invaluable in  unraveling this complex biological process. So 
far, such hopes have proved elusive. Occasional reports of the successful stimu- 
lation of tissue from normal spleen to form antibody (1-3) have appeared, but 
none has as yet been confirmed. A more successful approach has been the culti- 
vation in vitro of cells or fragments from the lymphatic tissue of previously im- 
munized animals repeatedly stimulated in vivo. This technique has permitted 
study of some aspects of the synthetic process already in progress  (4-7).  An 
extensive summary has recently been published by Stavitsky (8). 
The experiments reported in this paper were undertaken to determine whether 
it  was possible to initiate  a  secondary response in  surviving tissue from the 
lymph node  of rabbits.previously injected  once  with  antigen,  but  in  which 
antibody formation had either greatly slowed or ceased. These data, which were 
collected during  the period from 1955  to 1959,  indicate  that  it is possible to 
initiate the secondary response in vitro,  and that once begun, it may continue 
for as long as 4 weeks. 
Materials and Methods 
A~Zigens.--Diphtheria toxoid (D) (Lot  ~PT 58) was supplied by Mr. Leo Levine of the 
Division of Biologic  Laboratories, Commonwealth  of Massachusetts. It had been concentrated 
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and had a  stated  value of 1850 Lf/ml. Bovine plasma albumin  (BSA)  was purchased  as a 
crystalline powder  from Armour  and  Company. 
Animals.--Male  albino rabbits weighing about 2.5 kg at the time of purchase were used; 
they were fed Purina  rabbit  pellets and  allowed water freely. For subcutaneous  injection, 
the sole of the hind foot was shaved and painted with tincture of iodine, then alcohol. The 
antigen,  dissolved in 0.1  ml of saline,  was deposited among the flexor tendons of the toes 
through a 26-gange needle. The sole was then painted with collodion.  In the early experiments 
TABLE I 
Composition of Culture Medium* 
Normal rabbit serum 
Hanks' balanced salt solution with glucose (11) 
(stock solution 10 X  concentrated) 
Eagle's amino acid solution (9, 10, 10a) 
(stock solution 100 X  concentrated~) 
Glutamine 
(stock solution of 200 mM:~,§) 
Eagle's vitamin solution (9, 10, 10~) 
(stock solution 100 X  concentrated~) 
Penicillin G and streptomycin sulfate 
(stock solution 200 X concentrated containing 10,000 units/ml penicillin 
and 10,000 #g/ml streptomycin§) 
Phenol red (0.2 per cent w/v) 
Sodium bicarbonate 
(stock solution of 4.2 gin/100 ml) volume sufficient to adjust pH of me- 
dium to 7.4) 
Distilled  water, residual  deficit  volume 
Per cent of 
final volume 
25. 
7.5 
1 
1 
1 
0.5 
0.5 
* The composition of the culture medium has been modified from time to time by Dr. 
Eagle, as reflected in the cited references. The composition as stated  in this table reflects 
these modifications as they gradually introduced into the commercial product. 
Obtained from Microbiological Associates, Baltimore, Maryland. 
§ Stock solutions kept frozen. 
only one foot was injected; later both were injected to produce two popllteal lymph nodes 
suitable for culture.  At intervals,  blood was  removed from a  marginal ear vein to permit 
determination of antitoxin titers. Months later, animals received a second injection and were 
subsequently killed, or they were killed without a  second injection. 
Tissue Culture Medium.--In all the experiments reported here, the culture medium con- 
sisted of Eagle's (9,  10) mixture of amino acids and vitamins, in Hanks' solution containing 
glucose (1 mg/ml) and glutamine (0.146 mg/ml), normal rabbit serum in a final concentration 
of 25  per cent,  phenol red,  0.002  per cent, penicillin (50 units/ml),  and  streptomycin  (50 
/~g/ml). The pH was adjusted to 7.4 by the addition of a sterile, isotonic solution of sodium 
bicarbonate  (NaHCO3)  (4.2 gin/100 mi).  (See Table I.) 
The sterile stock solutions  (100 X  concentrated)  of amino acids and vitamins were pur- 
chased from Microbiological Associates, Bethesda, and were stored at 4°C. The stock giutamine MARIA  C.  MICHAEL:IDES  AND  ALBERT  H.  COONS  1037 
solution (14.62 rag/100 ml) was prepared in 0.9 per cent saline, sterilized by passage through 
a  Millipore filter, quick-frozen, and stored at -18°C, The Hanks' stock solution, 10 X  con- 
centrated  (11), was preserved with chloroform  (0.003  per cent). Normal rabbits were bled 
aseptically  and  the  resulting serum  was  quick-frozen  and  stored  at  --18°C.  Commercial 
rabbit serum was unsatisfactory for culture medium, although it was used as a  diluent for 
hemagglutination (see below). 
In preparing medium for use, the Hanks' solution was diluted 1:10 with distilled water, 
and autoclaved at 10 pounds for 10 minutes; the chloroform vaporized during this procedure. 
The remaining ingredients were then added aseptically. The complete medium was stored at 
4°C  for not  longer than 2  weeks. 
Methods of Tissue Culture.--In  these experiments only popliteal lymph nodes from rabbits 
were used. The rabbits were bled from the ear for serum, and then were killed either by chloro- 
form inhalation or by intravenous air. The popliteal lymph nodes were removed aseptically, 
and placed in a  Petri dish with 1 to 2 ml of tissue culture medium, Each node was trimmed 
TABLE  H 
Paralld  Antibody  Titers of Tissue Culture Fluids by Hemagglulination and by the 
Rabbit Intracutaneous Test 
Hemagglutlnatlon tlters  Skin test 
640 
<10 
640 
<10 
ut~Zs/~ 
0.18 
<0.0032 
0.32 
<0.0032 
free of fat, and diced with two scalpels (Bard-Parker No.  10),  into 1 to 2 mm fragments as 
uniformly as possible. Twelve fragments were placed in each roller tube, which had previously 
been coated with heparinized (1.28 units/ml whole blood) rabbit plasma. After a few minutes 
to allow the plasma to clot around each fragment, 1 ml of medium was added, and the tube 
was  closed  with  a  silicone rubber  stopper  (West  Company,  Phoenixville, Pennsylvania). 
The tubes were phced in a rotating drum in a 37°C room. In the early experiments, the drum 
rotated at ~  re,  a, and at 6 Rex in the later ones (the rate is not critical). Old medium was 
removed and fresh medium added  at 3  to 5  days interval. Asepsis was carefully preserved 
throughout. "Old medium" was stored at --5°C until it could be titrated for antibody. 
Antibody Ti~raZions.--The passive hemagglutination method of Boyden (12), as modified 
by Stavitsky (13), was employed to detect antibody in the culture medium and in the serum 
of rabbits. To sensitize the sheep erythrocytes, 74 Lf of toxoid was mixed with 4 ml of phos- 
phate buffer, pH 6.4,  as described by Stavitsky; then 1 ml of a  2.5 per cent suspension of 
red cells treated with tannic acid was added. The volume of the dilution of serum or fluid 
to be tested for antibody was 0.8 ml. Instead of using a volume of 0.05 ml of the 2.5 per cent 
suspension of sensitized red cells, the suspension was diluted 4 times (to 0.625 per cent), and 
0.2 ml added to each dilution to be tested. This modification was made to facilitate measure- 
ment, and yielded the same end-point as the original technique. Many rabbit sera which had 
been titrated by the toxin-neutralization test in rabbit skin (14) were tested by hemagglutina- 
tion;  our  results  confirmed  Stavitsky's,  which  showed  good  relative  agreement  between 
hemagglutinin titer and toxin neutralization (15-17). 
In the hemagglutination tests reported below, the most concentrated solution tested was 1038  SECONDARY  RESPONSE  IN  VITRO 
the 1/10 dilution because of our fear that lower dilutions would not be reliably specific.  Every 
batch of sensitized cells, and usually each set of titrations, was calibrated with a  standard 
serum. In only one batch of cells had the standard end-point shifted; the results were discarded 
and the titration repeated with fresh cells. 
For sensitization with BSA, 0.25 mg BSA for each ml of a  2.5 per cent suspension of red 
cells was used, as described above (~. 13). Throughout the titrations, the control consisted of 
adding the lowest dilution of medium  to cells which had been tanned but not sensitized; 
they became coated, of course, with the proteins from the 1 per cent normal rabbit serum in 
the diluent, but did not agglutinate. 
Although rabbit sera had sometimes to be absorbed with normal sheep red cells to remove 
naturally occurring agglutinlns, the tissue culture fluids did not non-specifically agglutinate 
the control cells, and no absorption of them was necessary. 
TABLE  HI 
Antigen  Injected  5  Months  and  Again  1  Day  before Sacrifice* 
Antibody fiters in lymph node culture fluids 
Days of culture 
8  12  17  21  25  28 
Auocs 
4 
1  20 
2  i0 
3  I0 
4c$  o 
80  80 
80  80 
80  80 
0  0 
I0 
40 
40 
0 
0  0  0 
0  0  0 
20  i0  0 
0  0  0 
* Serum fiter before sacrifice < 10. 
Frozen and thawed 3 X. 
The tables and charts express the results as reciproeaLs  of the highest dilution which still 
produced a one-plus pattern (13). Average titers are expressed as avilhmetical averages of the 
reciprocals of the dilutions. 
As a  final check on the reliability of the passive hemagglutination test used in these ex- 
periments,  four  tissue culture fluids with known hemagglufination titers were assayed for 
antitoxin activity in rabbit skin. The results (Table II)  show  that antibody measured by 
the hemagglutination test is antitoxic. This conclusion has also been reached in elaborate 
investigations by Landy  (16)  and Scheibel (17). 
RESULTS 
Tissue Cultures of Lymph Nodes from Rabbits Injected Twice with Antigen.- 
These early experiments were designed to reproduce the findings of others (1-3) 
who had observed the continuation of antibody formation in cultures of tissues 
removed from animals 3 days after a second antigenic stimulus. When antibody 
had successfully been demonstrated in these, the interval between the secondary 
stimulus and the removal of that tissue for culture was progressively shortened; 
Tables III and IV summarize two experiments in which the interval was 1 day MARIA  C.  MICttAELIDES  AND  ALBERT  H.  COONS  1039 
and 2.5  hours, respectively. Each titer is that of the fluid from an individual 
tube and represents the antibody accumulated during the 3 day period between 
one fluid change and the next. The tubes do not behave identically, probably 
because the structure of the node is not homogeneous. The control tubes were 
frozen and  thawed  three  times by plunging  them into  ethanol  cooled to  the 
temperature of solid CO2 to kill the cells. If any antibody was present at the 
beginning and extracted by the culture medium, its concentration was too low 
to be detected.  One of the noteworthy results is  the persistence of antibody 
synthesis; it continued in these cultures for 4 weeks. 
Antigenic Stimulation of the Secondary Response in Vitro.--With this evidence 
that our medium was adequate to support antibody formation in such cultures, 
the next step was to cultivate tissue fragments before exposing them to a second 
stimulus. 
TABLE IV 
Antigen Injected 4 1/g Months and again 2 1/2 Hours before Sacrif~e 
Antibody titers in lymph node culture fluids 
Days of culture 
Tubes 
3  7  10  13  16  20  24  27  31  35  39 
0  80  640  640  640  320  160  160  80  20  0 
0  0  320  320  320  160  80  80  80  10  0 
o  I  01  ol  Ol  0  I  0  I  0  I  ol  o  I  010 
Sensitized animals were killed 6 or 7 months after their primary stimulus, 185 Lf diphtheria 
toxoid into each hind foot-pad. Fragments from the popliteal lymph nodes were cultured, 
and 0.05 to 5 Lf of diphtheria toxoid added to the 1 ml of medium in each tube. In some 
tubes, the antigen-contalnlng medium was removed and replaced with antigen-free medium 
after 2 hours. In other tubes, the antigen-contalnlng medium was removed, and the fragments 
were gently washed twice with 2.5 ml of Hanks' solution, pH 7.4, before  replacement with 
regular medium. 
The results  (Table V,  VI,  and Fig.  1)  suggest  that  5  Lf  (15  pg)  is  more 
effective than lower concentrations when exposure is followed by washing. The 
cultures reached the peak of their antibody production between the 5th and the 
8th day, which is not much later than the response in the intact animal. 
The Response to Two Different Antigens.--Rabbits were injected in each of the 
hind  foot-pads with  a  0.1  ml  saline  solution  containing  85  Lf of diphtheria 
toxoid and 10 mg of bovine serum albumin. From 1 to 9 months later they were 
killed, and both popliteal lymph nodes were removed and cultured. Stimulation 
of the  fragments  with  one  antigen  or  the  other  resulted  in  independent  re- 1040  SECONDARY  RESPONSE  IN  VITRO 
sponses, as shown in Tables VII to IX. In these tables, the subscripts to the 
antigen-symbol, such as Do or BSA3, indicate the day when the antigen was 
given. Day 0 is the day the culture was made. 
TABLE V 
Antigen  Injection  6 Months  before Sacrifice;* Stimulation  of Antitoxin  Synthesis  in  Vitro 
Antibody titers  in  lymph node culture  fluids 
Days of  culture 
Tubes 
Antigen dose 
on day 0 
1  0.05 Lf 
2  ct 
3  tc 
4  No antigen 
0 
0 
10 
0 
160 
80 
160 
0 
13 
320 
160 
160 
0 
21 
Fragments were exposed to antigen for 2 hours, then the medium was removed and fresh 
medium without antigen was added. 
* Serum titer at sacrifice gO. 
TABLE VI 
Antigen  Injection  7 Months  before Sacrifice;* Stimulation  of Antitoxin  Synthesis  in  Vitro 
Antibody titers  in  lymph node culture  fluids 
Days of culture 
Tubes 
Antigen dose on day 0  '  21 
0.05 Lf 
0.05 Lf 
0.025 Lf 
0.005 Lf 
0.005 Lf 
No antigen 
4 
10 
10 
10 
0 
10 
0 
7  9 
lo 
0 
320  80 
10  0 
0 
11 
0 
0 
10 
0 
14 
0 
0 
0 
0 
0 
0 
20 
0 
0 
0 
Mter exposure to antigen,  the fragments were washed twice for  10 minutes each with 
2.5 ml Hanks' solution in the roller drum, then fresh medium was added. 
* Serum titer at sacrifice < 10. 
The titers clearly indicate an independent rhythmic rise and fall of the two 
antibody concentrations. They  also  show  that  a  response  to  BSA  can  still 
occur after the tissue has been 8 days in vitro,  while there were no responses to 
D  after more than 3. 
Some of the tissue exposed to both antigens on the day of culture (day 0) 
was  subsequently exposed  to  a  high concentration of BSA  (50 mg/ml) from 
day 3  to  day 6.  An apparent diminution of  antibody formation to  BSA re- MARIA  C.  MICHAELIDES  AND  ALBERT  H.  COONS  1041 
6 
5 
o_ 
3 
2 
I 
35  8  12  I$  18 21  24  27  31 
Doy  of  culture 
TEXT-FIG. 1.  The rabbit  received diphtheria  toxoid  (D)  (185  Lf)  6  months  before the 
lymph node tissue was removed. The tissue was exposed in culture on the day of removal 
for 2 hours to 5 or 0.5 Lf (D). (5 Lf -- 4 #g protein.) Each point is the average of the titers 
of 4  tubes.  (The titer in this and subsequent figures is expressed as the tube number at the 
end-point in a  series  of doubling dilutions beglnn;ng with 1/10  =  1; e.g. 1/1280  =  8.  (See 
reference 20, footnote 2.) 
Days of culture .. 
Group  Treatment 
1  Do* 
2  BSA0 
3  Do, BSAo 
4  Do, BSA4$ 
5  BSA0, D, 
6  Control, no 
antigen 
TABLE VH 
Antibody Tilers in Lyre, )k Node Culture Fluids 
1o  13  17 
400 
0 
40 
64O 
0 
0 
BSA  D  BSA  D 
5  400  0  ~>80 
1280  0  1280  0 
420  46  693  16 
0  640  0  >80 
960  0  1280  0 
0  0  0  0 
BSA 
0 
>80 
>80 
>80 
>80 
0 
21 
D  BSA 
4O  0 
0  >80 
0  >80 
8O  8O 
0  >8O 
0  0 
25 
D  BSA 
5  0 
0  8O 
0  26 
5  0 
0  8O 
0  0 
28 
D  BSA 
0  0 
0  2O 
0  2O 
0  0 
0  5O 
0  0 
The animal received a  single injection of D  +  BSA 2  months prior to sacrifice. 
Stimulation in vitro with D(5.0 Lf) and/or BSA (0.5  rag)  for 2 hours; the antigen was 
then washed off. 
The titer of each experimental group represents the average of two or more tubes except 
in the case of Group 2  (BSAo) which represents a  single tube. 
TCM (tissue culture medium)  and vitamins used. 
* Antigenic stimulation on Day 0  of culture. 
Antigenic stimulation on Day 4  of culture. 
sulted; it is possible that  this effect was due to binding of the antibody by the 
excess antigen.  (Table IX, group 5).  (It is possible that there is also suppression 
of anti-D in this tube.) 
The Effect of an Exposure to Antigen Lasting Longer than 2 tIours.--An experi- 1042  SECONDARY RESPONSE  IN  VITRO 
TABLE VIII 
Antibody Titers in Lymph Node Culture Fluids 
Days of culture  ...... 
Group  Treatment* 
1  Do 
2  BSA4 
3  Do, BSA, 
4  BSAs 
5  Do, BSA8 
6  Control, no 
antigen 
D 
0 
0 
0 
0 
0 
10 
BSA 
80 
40 
80 
53 
53 
80 
D 
3,413 
0 
2,560 
0 
4,266 
0 
BSA 
130 
0 
3 
26 
8O 
10 
12 
D 
15,360 
0 
4,266 
0 
7,386 
0 
BSA 
213 
5,546 
2,986 
6 
3 
20 
16 
D  BSA 
2,653  266 
0  3,840 
1,066  4,266 
0  5,120 
3,840  2,880 
Contaminated 
The animal received a single injection of D  +  BSA 3 months prior to sacrifice. 
Stimulation in vitro with D(5.0 Lf) and BSA (0.5 rag)  for 2 hours; the antigen was then 
washed off. 
The TCM (tissue culture medium)  employed included the vitamin solution (Table XI). 
The titers of each experimental group represent the average of 3  tubes. 
* Antigenic stimulation in vitro on Day 0, 4  or 8. 
TABLE IX 
Antibody  Titers in Lymph Node Culture Fluids 
Days of culture 
Group  Treatment 
1  Do, BSAo, 
2  D3, BSA~, 
3  D6, BSAe, 
4  Dlo, BSAlo* 
5  Do, BSAo, 
BSA., 
6  Control, no 
antigen 
D 
60 
0 
0 
0 
0 
6  10 
BSA  D  BSA 
660 
0 
0 
0 
0 
480  3840 
40  320 
0  0 
0  0 
0  0 
0  0 
13 
D  BSA 
720  1280 
80  720 
0  20 
0  0 
6O  26 
0  0 
17  t  21 
D  BSA  D  BSA 
120  200  60  120 
40  1320  20  340 
0  330  0  120 
0  0  0  0 
36  320  6  60 
0  0  0  0 
The animal received a  single injection of D  +  BSA 9 months prior to sacrifice. 
TCM +  vitamins used. 
Stimulation in dtro  with D  (5 Lf) and BSA (0.5 rag)  for 2 hours; antigen then washed 
off. 
The titer of each experimental group represents the average of two or three tubes. 
* Antigenic stimulation in ~tro on Day 0,  3,  6, or 10. 
Restimulation on Day 3 with a large amount of BSA (50 rag); the antigen was removed 
by washing on Day 6. 
ment  was  carried  out  to  determine  whether  a  prolonged  exposure  to  a  high 
concentration of antigen would kill the responding cells or inhibit the antibody 
response  (Table X  and  Fig. 2).  Tissue was cultivated from a  rabbit  which had 
received  both  BSA  and  D  six  months  before.  On  day  0  three  sets  of  tubes MARIA  C.  MICHA~LIDES AND  ALBERT  H.  COONS  1043 
(Table X, groups 1 to 3) received a double stimulus for 2 hours. The tissue in 
Group 2 was then exposed for 24 hours from day 1 to day 2, to a high (0.5 mg) 
concentration of D to correspond to the 0.5 mg dose of BSA. It was then washed 
free of antigen. The tissue in group 3 was similarly treated with 0.5 mg BSA. 
The formation of both antibodies was completely inhibited in groups 2 and 4, 
due to the high concentration of D. On the other hand, prolonged exposure to 
BSA had no inhibitory effect on the formation of either antibody (Table X). 
Our interpretation of these data  is  that persisting protein antigen  (BSA)  in 
a concentration of 500 #g/mi has no inhibitory effect on the secondary response; 
Days of culture ..... 
Group 
Day 0 
Treatment 
Day 1 
D +  BSA, 2 hrs. 
D +  BSA, 2 hrs. 
D +  BSA, 2 hrs. 
D +  BSA, 48 hrs. 
Dsy 2 
D 24 hrs. 
BSA 24 hrs. 
D 
.-h 
) 
.9.  ) 
D +  BSA 
2t~. 
133 
0 
370 
0 
0 
TABLE X 
Antibody Tilers in L3raph Node Cullure Fluids 
BSA 
1,493 
0 
1,386 
0 
1,280 
12  1,5 
D  BSA  D  BSA 
10,24C  7,253  1,28C11,28( 
C  0  C  ( 
13,65C 13,650 1,06~ 1,28( 
C  0  C  C 
16C[20,420  64C 5,76( 
The animal received a single injection of D +  BSA 6 months prior to sacrifice. 
Stimulation in tq2ro  with D (0.5 mg ffi 166 Lf) and BSA (0.5  nag) for various time intervals, 
as indicated;  the antigen was then washed off. 
TCM +  vitamins employed. 
The titer of each experimental group represents the average of two or three tubes. 
the result with D  is non-specific and is evidently due to a  toxic effect of the 
preparation. The toxic effect was diminished when the dose was lowered (Fig. 2). 
Moreover, there was no acid production in these tubes, suggesting that little 
cellular metabolism had occurred. 
Gross  and  microscopic appearance of these  and  later  cultures  will  be de- 
scribed in an accompanying paper. 
The Effect  of Added  Vitamins  and Hormones.--In  his  medium,  Eagle,  for 
simplicity, excluded hormones and fat-soluble vitamins  (9). Would antibody 
formation be augmented by these substances not essential for the growth of the 
non-specialized cell lines used by Eagle? To explore this possibility, an arbitrary 
mixture of various substances of known biological activity was made by dis- 
solving them at 200 times the desired concentration in 95 per cent ethanol, and 
adding 0.5  ml of this  solution  (designated  "vitamins")  to  100  ml of culture 
medium (Table XI). In our initial experiments (1958), it had a distinct effect in 1044  SECONDAI~Y  I~ESPONSE  IN  VITRO 
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enhancing  the  production  of antibody  (Figs. 3  and  4).  Since then,  however, 
several determined attempts to repeat these results have failed. 
Two  experiments  were  carried out  to  determine  the  effect of other  amino 
acids, and of purines and pyrimidines on antibody formation. An amino acid 
TABLE XI 
V~amins Added to Eagle's Medium 
Concentration in  Substance  Concentration  in  Substance  final  medium  final  medium 
Vitamin A 
Vitamin C 
Vitamin E 
Vitamin K 
Vitamin B12 
gm/ml 
1  X  10-" 
1 X  10-" 
1  X  10  -~ 
4.5X  10  -~ 
5 X  10  4 
Tbioctic acid 
Inositol* 
Estradiol 
Linoleic acid 
Linolenic acid 
gm/r,  tl 
5  X  10  -~ 
1  ×  10  -5 
5  X  10  -r2 
5  ×  10  -° 
5 X  10-t 
* After 1956, inositol was incorporated in the water-soluble vitamin solution marketed 
as Eagle's vitamin solution. 
I0 
8 
"--  6 
4 
4  7  I0  13  17 21  24 
Day  of  culture 
u  No  antigen 
o  Eagle's  medium 
•  .  .  ÷  alcohol 
•  •  .  +  vitamins  in  alcohol 
TEXT-FIG.  3.  The rabbit received D 18 months prior to removal of the lymph nodes. Frag- 
ments boosted with 0.05 Lf D  for 2 hours in culture on day of removal. Each point is the 
average titer of three tubes. The effect  of alcohol is unexplained. 
mixture containing all 20 amino acids in proportion similar to those in gamma 
globulin had no added effect on the levels or duration of formation of antibody. 
A mixture of purines and pyrimidines in 0.05 ~M concentration was completely 
;nh;bitory. 
Finally a  set of experiments was carried out to determine whether light in the 
incubator room had any effect on the formation of antibody, since an effect had 
already been demonstrated by added vitamins, and since some of these vitamins, 1046  SECONDARY RESPONSE IN  VITRO 
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T~T-FIO. 4.  The rabbit received  D  +  BSA 1 month prior to sacrifice. Lymph node 
fragments were stimulated in vitro with D  (5 If) and BSA (0.5 mg) for 2 hours,  after which 
the antigen was washed off. The titers of the experimental tubes are the average of three or 
more tubes. There were only 2 controls.  Some of the tubes were taped to exclude light. 
notably Vitamin K, are light-sensitive. Some of the pyrex tubes were completely 
covered with photographic masking tape to exclude ali light during cultivation 
(Fig. 3). Two 60 watt frosted incandescent lamps shielded by a  frosted white 
globe, situated in the ceiling 1.5 meters from the rotating culture tubes, were 
kept on in the incubator room for the duration of the experiment, 21  days of 
culture. This was not a  bright light but one could read comfortably by it. No 
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Attempts  to Induce  Cultivated  Normal  Tissue  to  Produce  Antibody.--These 
successes with the secondary response led us, in occasional gusts of optimism, 
to investigate the primary response  as well. Initially, the approach  was the 
same as that taken with the secondary response; that is, progressive shortening 
of the interval between injection of the primary stimulus into the foot and re- 
moval of the lymph node to the culture tube. These experiments were carried 
out only with D, 165 Lf into a hind foot-pad. Animals were killed at intervals of 
10 hours, 2 days, 3 days, 4 days or 5 days after stimulus and the popliteal lymph 
node removed  and cultivated. Only in those nodes removed 4 or 5 days after 
the stimulus did detectable antitoxin formation occur. Repeated attempts to 
stimulate normal lymph node fragments to synthesize antibody have failed: in 
one experiment, fragments from a normal popliteal lymph node were placed in 
a plasma clot, and exposed for 24 hours to media containing 0.5, 5, or 50 Lf of 
D toxoid; the tissue was then washed and exposed to fresh medium. On Day 4, 
the stimulus was repeated but allowed to remain for 48 hours. The culture was 
maintained for 24 days. No antibody could  be demonstrated in any of the 
fluids from these cultures. 
In another experiment,  BSA was used as the antigen in mounts of 0.5 mg 
and 5 rag, and allowed to remain for periods of 2 or 24 hours.  Some tubes re- 
ceived another stimulus 15 days after the first. No antibody could be demon- 
strated. 
In the meantime, Fishman (3)  had reported the successful stimulation of 
normal rat spleen by supernatant solutions from suspensions of macrophages 
into which antigen had been  introduced some time before. We modified this 
experiment by injecting the antigen into a rabbit, removing the node draining 
the injection site 6 hours later. A homogenate of this was used as the antigenic 
stimulus in a culture of normal rabbit lymph node. This, too, failed. 
DISCUSSION 
In the absence of a satisfactory theory of antibody formation, it is possible 
to describe the course of events in operational terms only, as immunologists 
have always done. The experiments  reported here emphasize  an apparently 
qualitative difference between  the primary and the secondary response, since 
one cannot be induced in vitro and the other can. But large quantitative differ- 
ences may masquerade as qualitative ones. The recent demonstration by Uhr 
et al.  (18) of identical slopes for the primary and secondary rise in antibody 
titer against CX bacteriophage  in the guinea pig, and, more particularly, the 
detection of a primary response within the first 24 hours, suggest that the differ- 
ences between the two may indeed  be only quantitative. Then it would be 
understandable that, if even a well established secondary response can be fired 
only during the first 4 days in vitro, not enough cells or necessary intermediate 
products could have had time to accumulate in such a  short period  to lift a 
primary response to the detectable level. Even when the primary response was 1048  SECONDARY  RESPONSE IN VITRO 
initiated in the intact rabbit, it did not thrive in vitro unless it was allowed to 
remain in the rabbit until the 4th day after the injection of the stimulus into 
the foot-pad. (See above.) 
The animal or the tissue which, though inactive, is pre-set to make a  large 
amount of antibody when it next encounters a specific stimulus has been called 
"sensitized" or "primed." There is clearly a significant difference between such 
a  "primed" tissue and a  normal one, and this difference must depend on its 
initial contact with an antigen or a  fragment of one. This difference seems to 
account for the difficulties so far encountered in  attempting  to produce the 
primary response in culture. Once the cells have been successfully "primed," 
it is relatively easy to stimulate them to multiply, and to synthesize antibody 
on a scale as massive as the synthesis of enzymes by a pancreatic acinar cell. 
The secondary response in these tissue cultures appears between the 4th and 
8th day; this is later than in the intact animal where antibody titers appear in 
the serum on or about the 3rd day after the second injection of protein antigens. 
Our titers are also lower than those usually observed in vitro during the second- 
ary response. Other workers have reported much higher titers of antibody to 
BSA (19)  though they used more tissue. However, the animals received more 
than  one injection of antigen  in  vivo,  and  were not stimulated  in  vitro.  The 
antibody production in our tissue culture system rose to a peak at about the 
8th day after in vitro antigenic stimulation, and then gradually declined. When 
the cultures that had  ceased to produce measurable antibody were again ex- 
posed to antigen, no antibody production occurred. This finding might be ex- 
plained by death of the sensitized cells due to an inadequacy of the medium, by 
differentiation of these cells in some other direction, or by loss of sensitization. 
It might even be that the supply of "sensitized" cells had been exhaused by 
their differentiation to antibody-forming cells. 
This last possibility was excluded in experiments on the persistence of sensi- 
tization in vitro. In these experiments (Table IX) lymph node fragments from a 
sensitized animal that was not actively producing antibody were cultured, and 
antigen was given to some cultures on Day 0, to others on succeeding days. The 
lymph node cells produced antibody when antigen was given on day 0, 1, or 2, 
for diphtheria, and 6 to 8 for BSA. More work should be done before a  con- 
clusive answer can be obtained, but as the matter now stands, it appears that 
"sensitization" persists in vitro for less than a week. The reasons for this loss of 
sensitization are not evident; it is possible that these same factors are responsible 
for failure to initiate antibody formation in vitro in lymph nodes from normal 
animals.  It  is  surprising  that  although  it  has  not  been possible  to  evoke a 
primary sensitization in  vitro,  we have observed the continued production of 
antibody for nearly a month after the secondary stimulus in vitro. 
Since, under the conditions employed, sensitized cells persist in vitro for only 
a short time, it is possible that when both sensitization and stimulation have to MARIA  C.  MICHAELIDES  AND  ALBERT  H.  COONS  1049 
take place in vitro the inadequacy of the environment may stop the process be- 
fore it has been completed. On the other hand, when cells already sensitized are 
exposed to antigen in vitro, some process of stabilization may occur which pro- 
tects them from adverse conditions, or cell differentiation to a hardier form may 
proceed. Either process could allow antibody formation to proceed for extended 
periods. 
Our in vitro system is a helpful tool for qualitative experiments, but is not 
sufficiently  reliable for quantitative studies. There is sometimes great variation 
in the magnitude of the response from experiment to experiment. This variation 
is probably due, in part, to the individual variation of rabbits. Moreover, even 
within one experiment the tissue culture tubes cannot be considered identical. 
The size of the fragments cannot be standardized with any precision, and even 
fragments of the same size are not likely to produce the same amount of anti- 
body since the structure of the lymph node is not homogeneous. 
The use of a  cell  suspension would eliminate these problems  (7),  but our 
preliminary efforts in this direction have proved fruitless thus far. It is not 
clear why cells will not grow as a suspension in our system. When tissue frag- 
ments are not attached to the wall of the roller tubes with plasma, no antibody 
production can be found either after secondary stimulation in vitro, or after a 
second antigen injection in vivo and cultivation of the nodes some time later. 
In both cases,  the cells  and the fragments are submerged in the medium. If 
aeration is important in antibody synthesis, this might explain our failures. 
Steiner and Anker (19) have reported that a suspension of spleen cells did not 
produce antibody when the cells were submerged. However, if the suspension 
was  layered on a  semipermeable membrane  touching the  medium, and  was 
aerated, large amounts of antibody were formed. 
Aside from these immediate practical applications, it would be of great im- 
portance  to  achieve suspended  tissue  cultures  of cells  capable  of producing 
antibody, as a first step in developing cultures of single cell ancestry. 
Vaughan,  Dutton,  Dutton,  George,  and  Marston  (7)  have  demonstrated 
antibody production, as measured by C14-1eucine incorporation, by suspensions 
of cells from the spleens of rabbits during a  secondary response. The animals 
were repeatedly injected with alum-precipitated ovalbumin, rested for 1 month, 
and then given an intravenous booster injection; 2 or 3 days after the injection, 
the spleen was removed, perfused, and minced. The suspended cells, 4 X  107 in 
number, were put into beakers in shallow layers and incubated in an atmosphere 
of 95 per cent 02, 5 per cent CO2 for 24 to 72 hours. These suspensions produced 
antibody only when the spleen was taken not earlier than 2 or 3 days after the 
stimulus. Still, the advantage of knowing the number of cells present, and of 
starting with a homogeneously  mixed population, is substantial. It is somewhat 
impaired by the fact that the proportion of active to total cells in such a prepa- 
ration is probably small. 1050  SECONDARY RESPONSE IN  VITRO 
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Rabbits were injected into the hind foot with diphtheria toxoid and bovine 
serum albumin.  Fragments of popliteal lymph node taken from them several 
months later were placed in plasma-clot cultures with Eagle's medium. When 
antigen  was  added  to  the  culture  fluid,  anamnestic  antibody  responses  oc- 
curred regularly. When the antigen was diphtheria, responsiveness remained for 
4 days after the beginning of the culture. When it was bovine serum albumin, 
responsiveness lasted for about 8 days. Once an anamnestic response had begun, 
antibody formation continued for 4  weeks  or more.  High  concentrations of 
bovine serum albumin  (0.5  mg/ml) did not inhibit the response. When both 
antigens were used to stimulate the same culture, it was found that the two 
responses were independent. 
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